Abstract
Role of the reverse mode of the Na / Ca exchanger in reoxygenation-induced cardiomyocyte injury initiated by the re-supply of energy to the SR Ca pump. constant pressure of 60 mmHg. Left ventricular pressure The frequency of these oscillations with high cytosolic was monitored by means of a water-filled latex balloon 21 peak Ca concentrations correlates with the extent of placed in the left ventricle and connected to a pressure hypercontracture [6, 7] . It is therefore important to undertransducer 43600 F (Baxter, The Netherlands) through a 21 stand the factors that modulate Ca oscillations in reoxCordis 5F catheder (Cordis, Miami, Fl, USA). The left ygenated cardiomyocytes. ventricular end-diastolic pressure (LVEDP) was set at 8 The aim of the present study was to investigate on the mmHg by adjusting the filling of the balloon which was 21 cellular level (i) whether the development of these Ca then left at that filling throughout the experiment. The oscillations is influenced by transsarcolemmal influx of signal obtained was digitised and recorded continuously. 21 extracellular Ca during the early phase of reoxygenation, The variables measured included LVEDP and LVdevP (left and in case of a positive answer, (ii) whether extracellular ventricular developed pressure), calculated as the differ- 21 Ca enters into the cells via the reverse mode of the ence between left ventricular peak systolic pressure and 1 21 Na / Ca exchanger (NCE) and (iii) whether knowledge LVEDP. Lactate dehydrogenase (LDH) activity was meaof this mechanism can lead to a new approach for sured in samples collected from the coronary effluent at protection of cardiomyocytes against reoxygenation-indifferent times throughout the reperfusion period. LDH duced injury. Experiments were carried out with isolated activity was assayed spectrophotometrically in 0.5 mmol / l cardiomyocytes from the ventricular myocardium of adult phosphate buffer, 1 mmol / l sodium pyruvate and 0.3 rats and isolated perfused rat hearts. A novel compound, mmol / l NADH. KB-R 7943 (KB), was used in our study. It inhibits preferentially the reverse mode of NCE and has lower 2.2. Media potency for the forward mode of NCE or other ion 1 1 transport systems, such as the Na / H exchanger, L-type The perfusion chamber (1 ml filling volume) placed on 21 1 Ca channels, voltage-gated Na channels, and inward the microscope stage was perfused at a flow-rate of 0.5 1 rectifier K channels [8] [9] [10] [11] . The inhibitor was applied to ml / min with modified, glucose-free normoxic bicarbonatecardiomyocytes or hearts solely during the reoxygenation / buffered solution at 378C containing (mmol / l): NaCl reperfusion period.
118.0, KCl 2.6, KH PO 1. The coverslip with the loaded cells was introduced into to inhibit the sarcolemmal Na / H exchanger, and 2 min 1 1 a gas-tight, temperature-controlled (378C), transparent with 300 mmol / l ouabain, to inhibit the Na / K ATPase.
1 perfusion chamber positioned in the light path of an Then the extracellular Na was withdrawn in the presence 1 inverted microscope (Diaphot TMD, Nikon). Alternating of these substances. The osmolarity of Na -free medium excitation of the fluorescent dye at wavelengths of 340 and was corrected by the appropriate addition of N-21 380 nm for fura-2 and 440 and 490 nm for BCECF was methylglucamin. The rate of cytosolic Ca accumulation performed with an AR-cation measurement system adapted was monitored with the fluorescence indicator fura-2. to the microscope (Spex Industries). Emitted light (500-520 nm for fura-2 and 520-560 nm for BCECF) from an area of 10310 mm within a single fluorescent cell was 2.5.2. Protocol 2: Simulated ischemia-reperfusion in collected by the photomultiplier of the system. The light isolated cardiomyocytes signal was recorded and analysed by an IBM PC /AT-based
The protocol of simulated ischemia-reperfusion in data analysis system (Model DM3000CM, ISA). Simulsingle cardiomyocytes was established in our previous taneously to the measurement of fluorescence, the cell's studies [6, 7, 10, 17] . This protocol consists of 80 min of microscopic image was recorded with a video camera and anoxia at pH 6.4 and 10 min of reoxygenation at pH 7.4. Three groups of experiments were performed. In the Calibration of the BCECF ratio signal was performed, as control group, the standard protocol of anoxia and reoxpreviously described by Koop and Piper [14] , with 10 ygenation was performed. The reoxygenation buffer con-
mg / ml nigericin, a K / H ionophore, and incubation tained the vehicle DMSO (dilution 1 / 1000). In the second media with various pH values. The fura-2 signal was group, reoxygenation was performed in presence of 10 calibrated according to the method described by Li et al.
mmol / l KB-R 7943 (solved in DMSO). In the third group, [15] . For this purpose, the cells were exposed to 5 mmol / l cardiomyocytes from internal Na during anoxia and were ATP-depleted with 1 mmol / l KCN. The free cytoreoxygenation 21 21 solic Ca concentration ([Ca ] ) was calculated accordi
In these experiments the NCE was inhibited by the ing to Grynkiewicz et al. [16] with use of pH-dependent K 1 d depletion of intra-and extracellular Na as described by values for fura-2, determined in intact cardiomyocytes by 1 Siegmund et al. [18] . Na was replaced by N-methyl-Dconstructing calibration curves. For the first 10 min of glucamine. The depletion of cardiomyocytes of internal reoxygenation the integral of the fura-2 ratio was de- Na was performed by the following protocol. The cells termined as area between the actual trace of the fura-2 were first incubated with normoxic Tyrode solution for 5 ratio and the ratio of 0.5, which is the normoxic value of 1 21 min, thereafter with a Na and additionally Ca free fura-2 ratio. 2.5. Experimental protocols Na -and Ca -free incubation Ca (1 mmol / l) was readmitted. Then the perfusion media was switched to the inhibit the reverse mode of NCE, the following protocol Na , the cells were reoxygenated with use of Na -free was applied. Under normoxic conditions, cardiomyocytes normoxic media. KB-R 7943 (10 mmol / l) was applied were pretreated for 30 min with 150 nmol / l thapsigargin, with the onset of reoxygenation. Following this protocol, 21 to inhibit the Ca ATPase of the sarcoplasmatic reticulum pH at the 4th min of reoxygenation was the same as in Ca recovery during 10 min reoxygenation n58). The composition of the Krebs-Henseleit bicarbonate buffer (KH), used for heart perfusion, was as follows
The ratio of fura-2 fluorescence was monitored to (in mmol / l): NaCl 140.0, NaHCO 24.0, KCl 2.7, 3 21 evaluate changes in cytosolic Ca concentration during KH PO 0.4, MgSO 1.0, CaCl 1.8, and glucose 11.0. heim; fetal calf serum from Gibco; acetoxymethyl esters of represents severe Ca overload. When cells were reoxygefura-2 and BCECF from Paesel and Lorey (Frankfurt, nated in medium with pH 7.4, the fura-2 ratio declined to Germany); KB-R 7943 was a gift from Kanebo (Osaka, the initial control value within 10 min. Concomitantly with 21 21 Japan). All other chemicals were from Merck or Sigma and the Ca recovery, transient Ca oscillations occurred. of highest purity available. Fig. 1 shows original recordings of the fura-2 ratio under control conditions and in presence of KB. Under either 2.7. Statistics condition the fura-2 ratio declined within 10 min to the 21 pre-anoxic level. In controls, Ca oscillations were much Data are given as mean values6S.E.M. from n inmore rapid than in presence of KB. Note, that the dividual cells investigated in separate experiments. Statistienvelopes of upper and lower values of the fura-2 ratio cal comparisons were performed by one-way ANOVA and recording are similar in both cases. Fig. 2 presents the use of the Student-Newman-Keuls test for posthoc analystatistical summary of these upper and lower values for sis. Differences with P,0.05 were regarded as statistically cardiomyocytes reoxygenated under control conditions, in significant.
Results

Inhibition of the reverse mode of the NCE by KB-R 7943 in acidified cardiomyocytes
When cardiomyocytes were exposed to 80 min simulated ischemia (anoxia at pH 6.4) the pH at the beginning o i of reoxygenation was 6.4. During the reoxygenation period (pH 7.4) the pH recovered to the pre-anoxic value 7.1.
After 4 min of reoxygenation, when the frequency of Ca oscillation reached its maximum, the pH was 6.8. We i therefore tested the inhibitory effect of 10 mmol / l KB on the reverse mode of the NCE at pH 6.8. We found that this i degree of cytosolic acidosis could be established in normoxic cardiomyocytes by incubating them for 10 min with medium adjusted to pH 6.8. In order to activate the reverse mode of the NCE, cardiomyocytes were superfused with 1 21 Na -free medium in presence of 1 mmol / l Ca . Under 1 these conditions Na withdrawal led to a rapid rise of 21 cytosolic Ca , as shown by the rise of the fura-2 ratio ; fura-2 ratio after 2 min of Na withdrawal:
cardiomyocytes during the first 10 min of reoxygenation.
Fig. 2. Upper and lower values of the fura-2 ratio signal (a.u.) under control conditions (closed circle), in presence of KB (open square) or in nominally 21
Ca -free (open triangle) media in cardiomyocytes during 10 min of reoxygenation. Data are given as mean6S.E.M.; n58. 21 21 presence of KB or in nominally Ca -free media. For these with respect to the frequency of Ca oscillations (Fig. 3) . parameters significant differences did not occur at any Under control conditions the oscillations reached a maxi-
21
given time. At 10 min reoxygenation upper and lower mum frequency of about 30 min between the 2nd and values coincided since oscillations had ceased at that time.
4th min of reoxygenation and slowed down thereafter. 21 The three experimental conditions nevertheless differed Under Ca -free conditions or in the presence of KB, the oscillations were less frequent at any time. To estimate net diomyocytes was 7.1. Superfusion of cardiomyocytes with 21 changes in the cytosolic Ca balance during reoxygenaanoxic medium at pH 6.4 led to a pronounced acidificao tion, the integral of the fura-2 signal was determined. The tion of the cytosol. After 80 min, the pH was 6.4. During i integral was calculated from the beginning of reoxygenareoxygenation the intracellular pH recovered within 10 min tion to complete recovery of the fura-2 signal (10 min of from this end-anoxic value to the pre-anoxic control value. 21 reoxygenation). The integral in the control cells amounted As shown in Fig. 5 hypercontracture Na -and Ca -free media, then exposed to anoxic media 21 1 at pH 7.4 in presence of Ca but not Na . Once the Fig. 4 shows the cell length after 10 min reoxygenation. fura-2 ratio had reached the plateau level of 2.2 a.u., the 21 The changes in cell length are expressed as relative cells were reoxygenated in media containing Ca but not 1 changes compared to the preceding end-ischemic length. Na with pH 7.4. As shown in Table 1 this treatment led 21 Under control conditions the cell length was reduced to to Ca oscillations with a frequency much lower than 1 6962% of the end-ischemic cell length. The inhibition of under Na containing control conditions. Additional presthe reverse mode of NCE with KB and also the superfuence of KB did not further reduce the oscillation fre- 21 sion with nominally Ca -free media reduced significantly quency, indicating that KB has no inhibitory effect per se 21 the development of hypercontracture (KB: 8064%; Caon oscillations. At the 4th minute of reoxygenation, when free: 8463% of the end-ischemic cell-length; both P,0.05 oscillation frequency was determined, the pH was the i 1 vs. control).
same in Na -depleted cells and cells not depleted from Using the Langendorff-perfused heart model we studied whether KB can also protect the whole heart against acute reperfusion injury. KB, 10 mmol / l, was administered for 10 min with onset of the reperfusion. Effects on LVEDP, LVdevP and LDH release were investigated. Presence of KB significantly reduced the LVEDP (Fig. 6 ) and improved the left ventricular function given as LVdevP. In Fig. 7 the release of LDH during reperfusion following 60 min of ischemia is presented for control hearts and hearts receiving 10 mmol / l KB. In the control group pronounced enzyme release was observed during the early phase of reperfusion. Presence of KB reduced markedly the reperfusion induced release of LDH, from 81.0869.9 U / 60 min / g dry weight under control conditions to 49.2568.84 U / 60 min / g dry weight (P,0.05). In vitro analyses showed that KB does not interfere with the LDH activity assay.
Discussion
The aim of this study was to investigate the role of the reduces Ca oscillations in cardiomyocytes (ii) protects NCE, using the Na gradient for the extrusion of Ca cardiomyocytes against reoxygenation-induced hypercon- [20, 25] . When acting in this tandem mechanism, the NCE tracture and (iii) protects ischemic-reperfused hearts operates in its forward mode, driven by the re-established 1 against contracture and enzyme release. Na gradient and membrane potential. At some point Isolated cardiomyocytes exposed to conditions of simuduring the early phase of reoxygenation, therefore, the lated ischemia (pH 6.4) and reoxygenation (pH 7.4) have operation of the NCE changes its directional mode. The been characterised in several previous studies [7, 17, 19] . present study was based on the hypothesis that during the During simulated ischemia the cardiomyocytes lose their first few minutes of reoxygenation the equilibrium conenergy reserves and, consecutively, undergo rigor shortditions at the cell membrane still favour the reverse mode 1 ening. They develop marked cytosolic overload with H , of NCE operation and that this influences significantly the 1 21 Na and Ca . It was shown before that the reverse mode outcome of reoxygenation. The results confirm this hyof the NCE can play an important role in the cytosolic pothesis. 21 accumulation of Ca in ischemic cardiomyocytes [10,20-When the reverse mode of NCE was inhibited during the 24]. The ischemic disturbance of ion homeostasis can be early phase of reoxygenation, the reoxygenation-induced 21 reversed when the cells are reoxygenated in media with oscillations of cytosolic Ca were markedly reduced. normal extracellular pH [6, 7, 10] . The transsarcolemmal Three different protocols were applied in the cell model to 21 21 extrusion of Ca from the reoxygenated cells is mediated reduce oscillations of cytosolic Ca in the early reoxyge-
by a tandem mechanism consisting of the Na pump, nation phase, namely application of KB, extracellular Ca 1 removal and Na depletion of the cells. All protocols had the same result, i.e. they reduced the oscillatory activity to Table 1 about one-third of controls. Previous work has demonEffect of KB-R 7943 (10 mmol / l) on reoxygenation-induced Ca oscilla- mode operation is responsible only for a part, but an phase of reoxygenation seems to be small. This is because, 21 important part, of these SR-dependent Ca -oscillations. first, the fura-time integral remained unchanged and, 21 21 The total amount of Ca entering the cardiomyocytes second, the time to reach an end of Ca oscillations and 21 through the reverse mode of the NCE during the early to re-establish a normal resting level of cytosolic Ca Ca oscillations and hypercontracture [7] . In the case of oscillation were determined, i.e. at the 4th min of reoxyge-
